The levels of DNA-DNA hybridization among members of the three major groups of Streptomyces spp. that cause potato scab did not exceed 20% for any pair. The majority of the Streptomyces scabies strains which we examined exhibited greater than 70% relatedness to the type strain, although values as low as 21% were obtained. The levels of homology between S . scabies and nonpathogenic type strains belonging to the Diastatochromogenes group ranged from 10 to 42 9% , while the reciprocal values obtained with labeled DNAs from Streptomyces bottropensis ATCC 25435T (T = type strain) and Streptomyces eurythermus ATCC 14975T ranged from 37 to 74% and from 2 to 24%, respectively. In contrast to S . scabies, the levels of relatedness between Streptomyces acidiscabies isolates and their type strain were high (83 to 111%). The levels of DNA relatedness within the Streptomyces aZbidoJlavus group were uniformly low. These results are consistent with phenotypic data which indicate that pathogens in the three groups are not related. The genetic diversity of strains referred to as S . scabies exceeds the genetic diversity found at the species level, and some of these strains appear to be related to phenotypically similar nonpathogens. On: Mon, 03 Dec 2018 02:07:36 VOL. 41. 1991 STREPTOMYCES SPP. THAT CAUSE POTATO SCAB 481 TABLE 2. Levels of DNA-DNA relatedness of S. bottropensis ATCC 25435T and S. eurythermus ATCC 14975T to strains of S. scabies and members of the Diastatochromogenes group TABLE 3. Levels of DNA-DNA relatedness of Streptomyces sp. strain IMRU 3018 and S. griseus ATCC 23345T to strains of pathogenic streptomycetes and related species Unlabeled DNA from: % of hybridization with 3H-labeled DNA fromu: Strain Strain ATCC ATCC 2543ST 14975T Unlabeled DNA from: S. scabies ATCC 49173T
Scab diseases of potatoes (Solanum tuberosum) and certain other root crops are caused by streptomycetes, including the major species Streptomyces scabies, which was first described by Thaxter in 1891 (11, 22) , the acid-tolerant species Streptomyces acidiscabies (12), and other strains whose characteristics are consistent with those of the Streptomyces albidojlavus group of Williams et al. (11, 24) . S. scabies is most closely related to the Diastatochromogenes group of Elesawy and Szabo (2) , while the S. albidoflavus strains have been associated with Streptomyces griseus and Streptomyces tendae (7) . The results of studies of 42 phenotypic traits (11, 12) have suggested that these three pathogen groups are not closely related and that the levels of strain diversity are lowest for S . acidiscabies and greatest for the S . albidoflavus group. The purposes of this study were to confirm these relationships, to determine the genomic relationship of S . scabies to the Diastatochromogenes group, and to interpret the significance of common pathogenicity mechanisms among potato scab pathogens.
MATERIALS AND METHODS

Strains.
The isolates which we used are listed in Table 1 . S . scabies ATCC 33282 and strains RL 84-01-39, RL 84-01-42, RL 84-01-43, RL 84-01-70, RL 84-01-78, RL 84-01-102, RL 84-01-131, RL 84-01-151, RL 84-01-174, RL 84-01-232, RL 84-01-45, RL 84-01-104, and RL 84-01-182 have been described previously (ll), and strains RL-87-01-30, RL 87-01-45, RL 87-01-66, RL 87-01-73, and RL 87-01-79 were isolated by R. Loria DNA extraction. Total DNAs were isolated from Streptomyces strains by using the method of Hintermann et al. (6) , with some modifications. Mycelia grown in Trypticase soy broth shake cultures were homogenized, centrifuged, rinsed, and suspended in 5 ml of cold TS buffer (50 mM Tris, 0.75 M sucrose; pH 8.0). Lysozyme hydrochloride and EDTA were added to concentrations of 5 mg/ml and 0.1 M, respectively.
After incubation at 37°C for 1 h, 1 mg pronase E per ml was added, and incubation was continued for 15 min. Sodium dodecyl sulfate was added to a concentration of 1%, and the suspensions were incubated at 37°C until full lysis was achieved (30 to 60 min). The lysates were processed with 5 ml of Tris-equilibrated phenol and three 5to 6-ml rinses of phenol-chloroform-isoamyl alcohol (25:24:1). The resulting supernatants were treated with 50 p. g of RNase A per ml at 37°C for 1 h. Samples were extracted in phenol, rinsed in chloroform-isoamyl alcohol until the interphases were clear, and precipitated with 1 volume of isopropanol and 0.1 volume of 3 M sodium acetate. The pellets were washed with cold 70% ethanol and dissolved in T E buffer (10 mM Tris, 1 mM EDTA; pH 8.0). The levels of purity and concentrations of the resulting DNA samples were determined by measuring the absorbance spectra at 220 and 300 nm. The molecular masses of DNA samples, as estimated by electrophoresis in TBE buffer (18 mM Tris, 18 mM boric acid, 0.55 mM EDTA; pH 8.2) on 0.4% agarose gels, were found to be at least 15 MDa.
DNA characterization. Samples (10 pg) of DNA were dialyzed against 0 . 1~ SSC ( I x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and melted in a Beckman model DU-8 spectrophotometer equipped with a Tm Compuset Module. Base compositions were determined by using the following equation: G+C content = 2.44 (T, -53.9) (15), IP '' Determined by thermal denaturation.
' Averages of the results of two or more experiments performed with two or more replicated reactions. Hybridization reactions were carried out at 65°C in 20% formamide-0.17 M NaCl. Hybridization percentages were normalized to 100% with homologous DNA and to 0% with salmon sperm DNA. Hybridizations with strain ATCC 49173T DNA were done in two batches, with the S. scabies and S. ulbidojluvus strains run separately from the other strains.
' The values in parentheses are standard deviations.
where T,,, was the melting temperature. S. griseus ATCC 23345T and ATCC 10137 and "Micrococcus lysodeikticus" ATCC 4698 were used as standards. DNA-DNA hybridization. DNA was sonicated in an ice water bath for 7 min with a Quigley-Rochester model 12100 sonicator at a power setting of 60, and this yielded DNA fragments with an average length of 300 bp. Native DNA was labeled with ['HIdCTP (26 Ci/mmol) by nick translation (19) . Unlabeled DNA samples were then dissolved in 0.525 M NaCl to a concentration of 0.17 pg/pl, and 10-pg portions were heated at 65°C for 5 min in 1.5-ml Eppendorf tubes. To each of these tubes we added formamide to a concentration of 20%, NaCl to a concentration of 0.168 M, and 20 ng of labeled DNA; the final volume in each tube was 0.15 ml. The tubes were heated at 95°C for 7 min in a mineral oil bath and immediately placed in a 65°C water bath. After a 40-h reassociation period (4), 0.225 ml of S1 buffer (50 mM sodium acetate, 1.67 mM ZnSO,; pH 4.8) containing 33 pg of Fheared and denatured salmon sperm DNA per ml and 5 U of S1 endonuclease (Sigma) was added, and the preparations were incubated at 65°C for 30 min. All of the tubes then received 0.375 ml of ice-cold 10% trichloroacetic acid, and they were placed in an ice water bath and stored for 60 min at -20°C. Trichloroacetic acid-precipitable DNA was recovered on Whatman type GF/C filters by vacuum filtration. The filters were washed twice with 10 ml of ice-cold 5% trichloroacetic acid and once with 5 ml of 95% ethanol and allowed to dry. The filters were then placed in scintillation vials containing 5 ml of Optifluor (Canberra-Packard), and radioactivity was recorded with a Beckman model LS7500 scintillation counter. Separate control reactions included salmon sperm DNA and homologous DNA identical to the DNA of the labeled sample, and these standards were used to define 0 and 100% association. All assays were performed at least twice with at least two reactions per assay. The same lot of S1 endonuclease was used for all experiments. Control tubes without added enzyme were included to calculate the percentage of homologous DNA that was susceptible to S1 endonuclease .
RESULTS
DNA characterization.
The G + C contents of the Streptomyces strains are shown in Table 1 . When the thermal denaturation method was used, our values for standard strains were as follows: S. griseus ATCC 23345T, 71.1 mol% (compared with a value of 71 mol% determined previously [17]); S. griseus ATCC 10137, 72.5 mol% (compared with 71.5 mol% [3]); and " M . lysodeikticus" ATCC 4698, 72.6 mol% (compared with 72 mol% [16] ). While strain differences within S. scabies were significant (P I 0.05), the differences between major Streptomyces groups were not.
DNA-DNA hybridization. The correlation coefficients for duplicate reactions ranged from 0.95 to 0.998 within the various sets of labeled DNAs. The homologous reassociation values (the actual percentages of label bound) for strains ATCC 49173T, ATCC 25435, IMRU 3018, ATCC 25435T, and ATCC 14975T were 87.2, 88.7, 76.3, 71.8, and 88.4%, respectively. The method which we used is an improvement on techniques involving DNA immobilized on nitrocellulose membranes, from which labeled DNA is lost at the high temperatures required for hybridization of Streptomyces DNAs having high G + C contents (18). The actual homologous hybridization values obtained by using the membrane filter technique range from 9.5 to 35% (1, 8) .
The levels of DNA relatedness for the three pathogen ' The values in parentheses are standard deviations. groups did not exceed 20% for any pair (Tables 1 through 3) . The majority of the S . scabies strains which we examined exhibited greater than 70% relatedness to strain ATCC 49173T, although some values were as low as 21%. The levels of relatedness between labeled DNA from strain ATCC 49173T and DNAs from members of the Diastatochromogenes group ranged from 10 to 42%, while reciprocal values ranged from 37 to 74% for S. bottropensis ATCC 25435T and from 2 to 24% for S. eurythermus ATCC 14975T. The levels of relatedness for pairs of strains belonging to the Diastatochromogenes group ranged from 1 to 34%. In contrast to S . scabies, the levels of relatedness among S. acidiscabies strains were consistently high (83 to 111%). The levels of relatedness among strains belonging to the S . albidoflavus group (with IMRU 3018 and S . griseus ATCC 23345T) were consistently low.
DISCUSSION
The levels of relatedness between most S. scabies strains and their type strain were >70%, but the values for other strains were as low as 21%. By convention, organisms which exhibit 270% DNA relatedness are considered members of the same species (23). The level of relatedness obtained with the only European strain included in this study (strain ATCC 33282) was high (87%). While the characteristics of all of the cultures which we studied were consistent with the primary criteria for the species (spiral chains of smooth grey spores, use of all International Streptornyces Project sugars, melanin production), the strains which exhibited <60% relatedness were significantly more likely (P 5 0.05) to differ in secondary phenotypic traits (11). Pathogenic strains that differ from more typical S. scabies strains only in sugar utilization patterns have been isolated by Loria (14); this is another indicator of species diversity. Phenotypically, S . scabies most closely resembles the Streptomyces diastaticus, Streptomyces cyaneus, and Streptomyces microflavus groups of Williams et al. (11, 24) . In this study, the levels of S. scabies DNA relatedness were greatest with S . diastatochromogenes ATCC 12309T and S. bottropensis ATCC 25435T, which are representatives of the S. diastaticus group ( Table  2) . The levels of relatedness with S. neyagawaensis ATCC 27449T ( S . cyaneus group) and S . eurythermus ATCC 1497ST ( S . microflavus group) were somewhat lower. The levels of relatedness between strain ATCC 49173T and strains belonging to the S . diastaticus group (37 and 42%) and between S. bottropensis ATCC 25435T and the S. scabies strains (37 to 74%) were approximately the same as the levels of relatedness between strain ATCC 49173T and S. scabies strains below the species criterion of 70% relatedness. Strain RL 87-01-73, which exhibited 57% relatedness to strain ATCC 49173, exhibited species level relatedness (74%) to the S. bottropensis type strain. This isolate was obtained from a russet (superficial) type of lesion rather than a lesion with a typical raised or pitted appearance, Strain RL 87-01-30, which exhibited only 20% DNA relatedness to S . scabies, differed from typical strains in the violet tinge of its grey spore color. Thus, within the streptomycetes that are phenotypically consistent with S . scabies, pathogenicity occurs in a subset of strains which have more genetic diversity than a conventional species. In addition, not all pathogenic strains can be differentiated from nonpathogenic strains on the basis of DNA relatedness data. By convention, pathogenic isolates obtained from tubers or roots have been described as S . scabies and saprophytes obtained from soil have been described as S . diastatochromogenes, which shares the same diagnostic characteristics (21). This pattern of strain relationships within a three-dimensional continuum is similar to that determined for a number of pathogenic and nonpathogenic fluorescent pseudomonads (5). At this point, On: Mon, 03 Dec 2018 02:07:36
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HEALY AND LAMBERT i t is not possible to determine whether pathogenicity is an old trait which preceded divergence of these streptomycetes or whether pathogenicity is transferable among related organisms by some genetic mechanism. The levels of relatedness between S. acidiscabies strains and their type strain were high in all cases; the lowest value (87%) was the value for the only strain that was not isolated from tubers grown in Maine. Previous evidence has suggested that many, but not all, isolates of this organism might have been derived from a single original source (12). The levels of relatedness with all other species were 120%, confirming the lack of close relationships between this species and other scab pathogens. Both S . scabies and S . izcidiscabies produce the vivotoxin thaxtomin, which induces scab symptoms and is associated only with streptornycetes that are pathogenic for potatoes (9, 13). S. acidiscabies is also pathogenic for the other crop species attacked by S. scabies (lo), a further indication that thaxtomin production is a primary pathogenicity mechanism in these iwo species. The toxin is unusual (13), and its production by unrelated species is an interesting example of either evolu-1 ionary convergence or genetic transfer.
The S. albidojlavus group, including S . sampsonii, S. griseus, and the atypical common scab pathogens, appeared lo be as diverse on the basis of DNA relatedness comparisons (Table 3) as on the basis of phenotypic comparisons (11). The pathogens belonging to this group are poorly understood. Until 1980, the putative type strain (strain tMRU 3018) and many or most of the other specimens deposited in culture collections as S . scabies were in fact flexuous-chained organisms that did not produce melanin. However, very few of the pathogens isolated from Wisconasin or the northeastern United States in an extensive recent survey had this phenotype (14). The strains which have been tested (strains ATCC 3352 and ATCC 10246) do not produce thaxtomin (9), although this ability might have been lost in lculture. The genomic diversity among the S . griseus strains which have been examined is also reflected in the results of a previous DNA study of S. griseus strains, which revealed relatedness values ranging from 38 to 104% (17).
